Cytokeratin 1, an intermediate filament keratin, was isolated as a partner of the tyrosine kinase Src from neuroblastoma NMB7 cells. The cytokeratin 1-Src complex was found to be associated with the molecular scaffolder RACK1 (receptor for activated protein kinase C). Interestingly, the cytokeratin 1-Src-RACK1 complex was found to actively bind with membrane receptors such as integrin β1. We are interested in using this complex to find downstream kinases and phosphatases that bind upon cytokine stimulation, especially during neurogenesis.
Introduction
Cell spreading constitutes an important modulator of cytokine-induced cell cycle progression. Integrins are a major family of cell-surface receptors that mediate attachment to the extracellular matrix. Signalling cross-talk between integrins and cytokine receptors can either enhance or regulate mitogenesis and cell survival in various tissues. In transformed cells, integrin signalling co-operates with cytokine signalling to promote cell survival and migration. Moreover, cytokine receptor activation can modulate integrin function by regulating the expression and/or activity of numerous integrins, leading to altered cell adhesion, motility and invasive capacity.
RACK1 functions and regulation
RACK1, originally described as a receptor for activated C-kinase, is a scaffold protein which can mediate the cooperation between the cytokine receptor and integrins. RACK1 recruits signalling molecules to discrete cellular locations via protein-protein interactions involving seven TrpAsp repeats and has been shown to be involved in various cell signalling pathways at the cell membrane, around ribosomes and in the nucleus. It is recruited into a complex with the cytokine receptor and integrin and promotes integrinmediated cell migration. Recently, we also provided evidence that RACK1 regulates activation of the Ras pathway through its ability to sequester and control availability of Src [1] [2] [3] .
RACK1 signalling partners
To determine the mechanism of co-operation between cytokine receptors and integrins in tumour cells, we searched for proteins that associate with RACK1 in a cytokine-and adhesion-dependent manner. Cytokeratin 1 was identified as both a RACK1-and integrin β1-associated protein. The finding that cytokeratin 1 is an integrin β1-binding protein in neuroblastoma NMB7 cells was unexpected. Cytokeratins are the major protein constituents of skin, and cytokeratin 1 is most commonly found in the skin above the basal membrane layer in cells that are migrating or undergoing desquamation. Cytokeratin, a member of the intermediate filament family of proteins, has not long been appreciated as a membrane protein in endothelial cells [4] . We have confirmed that cytokeratin 1 is also present on the plasma membrane of neuroblastoma NMB7 cells, by using multiple commercially available monoclonal antibodies to verify the presence of cytokeratin 1 in neuroblastoma NMB7 cells, in direct binding experiments, immunofluorescence and flow cytometry (C.-C. Huang and N.-N. Chuang, unpublished work). Cytokeratin 1 consists of a central helical rod domain flanked by three glycine-rich loops each consisting of 40 amino acids that protrude from its filament surface. Cytokeratin 1 does not possess a transmembrane protein structure and lacks a phosphatidylinositol linkage. However, the glycine-rich regions contain hydrophobic residues that loop through cell membranes and interact with other membrane proteins. The glycine loop region is separated from the rod region by a 35-amino-acid H1 sub-domain at the N-terminal region that penetrates into the cell membrane.
The cytokeratin 1-integrin relationship
The recognition that cytokeratin 1 is an integrin-binding protein indicates a role for this protein in modulating adhesion and cell survival signalling. Although integrin and cytokeratin 1 are distinct proteins, they are likely to interact together in a multi-protein receptor complex that engages extracellular growth factors and transmits intracellular signals (Figure 1) . The fact that cytokeratin 1 can be phosphorylated suggests that integrin activation may induce a fast redistribution of kinases from the cell membrane to other cell compartments such as the ribosomes, the Golgi apparatus or within the nucleus. The translocation to these cellular compartments is controlled, at least partly, by kinase-binding proteins such as PKC.
In our studies, cytokeratin 1 bound specifically to integrin β1 in the presence of RACK1 and Src, binding that is blocked by Taxol. Using a β-tubulin peptide specific for Taxol (PEP Taxol ) and RACK1 binding [4] , we constructued an affinity column HiTrap-PEP Taxol [5] . When HiTrap-PEP Taxol was loaded with a warm 2% Triton X-100-extracted membrane preparation of NMB7 cells, the cytokeratin 1, integrin β1, Src and RACK1 were bound in the column and were eluted with 0.5 M NaCl. The identity of cytokeratin 1 was confirmed by MS ( Figure 2) . As integrin signalling to NMB7 cells requires RACK1, it is postulated that the RACK1 requirement for cytokeratin 1-integrin β1 binding is to up-regulate the activity of its associated kinases, such as PKC.
The present studies indicate that cytokeratin 1, integrin β1 and RACK1 serve as a platform for Src activation or inactivation in NMB7 cells, an adherent human neuroblastoma cell line with ∼ 3 × 10 6 disialoganglioside GD2 molecules per cell. GD2 is overexpressed in several solid tumours of neuroectodermal origin, including neuroblastoma, melanoma and small cell lung cancer but is absent in normal tissues, excluding neural cells in cortical grey matter, spinal cord, cerebellum, skin melanocytes and peripheral pain fibres. It is not known whether this specific cytokeratin 1-integrin β1-Src-RACK1 interaction involves binding of GD2 to integrin with direct post-binding effects on signal transduction without the help of growth factors in NMB7 cells. We attempted to conduct micro-proteomic studies to provide an understanding of ganglioside-dependent cell division and growth 
The caveolin 1 link
Caveolin 1 has been found to be poorly expressed in NMB7 cells. Caveolin 1 is required for the formation of caveolae, functioning as a scaffolding protein to recruit and organize lipid-modified signal transduction molecules, cholesterol and gangliosides. Caveolae occur on plasma membranes as discrete membrane domains, known as lipid rafts, where signal transduction molecules such as Src family tyrosine kinases and heterotrimeric GTP-binding proteins condense. Caveolin 1 can interact with these signal molecules to regulate their activity via its scaffolding domain. We propose that the high loading of gangliosides in NMB7 cells leads to an active endocytosis of caveolin 1 and also to an inefficient trapping of signal molecules. It is not known whether the specific cytokeratin 1-integrin β1-Src-RACK1 interaction is assembled in response to this deprivation of caveolin 1 or to the loading of GD2 on NMB7 cells. However, it is interesting to note that the effects of lipids on membrane protein associations that are involved in transmitting signals are critical not only during virus/bacteria infection but also in the control of transcription and translation upon cellular transformation.
